Cast Mg-La and Mg-La-Zr alloy ingots were prepared from 99.96% magnesium and 99.9% lanthanum with a zirconium addition made using a Mg-33Zr master alloy. The microstructure was examined and tensile tests performed for the cast alloys. Lanthanum showed a mild grain refinement effect on magnesium, generating coarse equiaxed grains in the casting. The microstructure within the equiaxed grain contained the primary Mg dendrites and degenerated lamellar eutectic in the interdendritic regions. An addition of zirconium to the Mg-La alloys transformed coarse primary -Mg dendrites into fine globular grains surrounded by eutectic regions. With this change tensile properties improved significantly in comparison with the binary Mg-La alloys of comparative lanthanum content. The hardness value increased linearly with lanthanum content due to an increase in the eutectic Mg 12 La phase. Fracture occurred owing to the decohesion between the primary Mg grains and eutectic Mg 12 La phases. An increase in the eutectic regions thus leads to a reduction in ductility by means of crack propagation through the regions.
Introduction
The light density of magnesium is the prime reason behind the development of magnesium alloys for structural applications since they can be used to improve the fuel efficiency of mobile crafts, reducing CO 2 emissions to lower the environment impact. [1] [2] [3] [4] [5] Many alloys for high temperature applications have been developed. 4, 6, 7) For example, alloys such as WE54 (Mg-5Y-2Nd-2RE-0.5Zr) and WE 43 (Mg-4Y-3.3RE-0.5Zr) have high temperature creep strength. 6) Alloys containing gadolinium (Gd) and yttrium (Y) or neodymium (Nd) (e.g. Mg-9.5Gd-4.8Y-0.6Mn, Mg-10Gd-3Nd-0.4Zr) 8, 9) and alloys containing scandium and manganese 10) have also been reported to offer good elevated-temperature strength. However, due to the expensive nature of rare-earth elements, the use of these alloys may be limited. Among the rare-earth elements the price of lanthanum is about half the price of yttrium and neodymium and considerably less than gadolinium and scandium. The equilibrium phase diagram of the Mg-La system shown in Fig. 1 11) includes a thermally stable, hard Mg 12 La phase.
12) The limited solubility of lanthanum in magnesium at the eutectic temperature deprives the precipitation hardening by decomposition of solid solution. 8, 13) However, almost all solute lanthanum solidifies as a eutectic Mg 12 La phase in the magnesium-rich side of the system. If the refinement and dispersion of the Mg 12 La phase within the structure can be achieved by structure modification, the mechanical properties will be enhanced. This may offer the possibility of using lanthanum for high-temperature structural alloys. Zirconium has an exceptional grain-refining capability for magnesium, and zirconium-refined alloys provide a good combination of ambient and elevated temperature properties 5) Although, the mechanical properties of binary Mg-La alloys have been reported, 14, 15) little information on the mechanical properties and the structure relationship of Mg-La-Zr alloys is available. Therefore, the objective of the present study is to examine the effect of microstructure modification through zirconium addition and lanthanum content with respect to the structure and room temperature mechanical properties of cast Mg-La-Zr alloys. The results will also provide the perspective for understanding for high temperature characteristics of the alloys.
Experimental Procedure
Mg-La, Mg-Zr, and Mg-La-Zr alloy ingots were prepared from 99.96% magnesium, 99.9% lanthanum, and Mg-33Zr master alloys (Magnesium Elektron Ltd). Appropriate amounts of elemental metals and the master alloy, totaling approximately 1.2 kg for each melting, were weighed for target alloy compositions of Mg-0.6%Zr, Mg-3%La, Mg2%La-0.6%Zr, Mg-3%La-0.6%Zr, and Mg-5%La-0.6%Zr (all in mass%). The compositions of the alloys after melting, obtained by inductively coupled plasma-atomic emission spectrometry (ICP-AES), is given in Table 1 . To produce alloys, magnesium was first charged and melted using an electric resistance furnace under a flux cover in a stainless steel (SUS430 grade) crucible, coated with magnesium oxide to prevent the uptake of impurities from the crucible. Lanthanum and zirconium master alloys were added at a temperature of 750 C and 720 C respectively. The temperature for the zirconium addition was based on previous studies on grain refinement of Mg-Zr alloys.
16) The melt was stirred to ensure proper mixing prior to pouring at 700 C into a cast iron mold. During pouring, the melt was protected with a gas mixture of carbon dioxide and sulfur hexafluoride to prevent the ignition of magnesium. Cast bars 100 mm in length with a trapezoid cross section (top: 13 mm; bottom: 18 mm; and height: 10 mm) were obtained by removing a riser portion from the castings. The tensile test specimens 6 mm in diameter with a gauge length of 30 mm were machined from the cast bars and tests were performed at room temperature with an initial strain rate of 6:67 Â 10 À4 s À1 . Micro-structural examination of cast and tensile specimens was conducted by both optical and scanning electron microscopy. For optical examination, specimens were etched with a 2% solution of oxalic acid. The Vickers hardness test was carried out with a load of 49.03 N and holding time of 15 s. The image analyzer (Image Plus Pro ver. 4.5.1) was used to obtain the primary -Mg grain size and area fraction of the eutectic.
Results and Discussion
3.1 Cast structure 3.1.1 Mg-La alloy Figure 2 (a) shows the macrostructure of an Mg-2.1La alloy cast into an iron mold. The structure is entirely composed of equiaxed grains with an average grain size of 490 mm. Considering the cast structure of pure magnesium is essentially composed of columnar grains, 17, 18) lanthanum exerted some degree of grain refinement effect to magnesium casting. The degree of grain refinement effect of solute elements has been correlated by StJohn et al. 19) in terms of grain growth restriction factor (GRF), which is an indicator of the initial rate of development of constitutional undercooling and expressed as m i C o ðk i À 1Þ, where m i is the slope of liquidus line, C o is the initial concentration of element i, and k i is the equilibrium distribution coefficient. Using this expression and taking the values of m ¼ À3:1 and k ¼ 0:067 from the Mg-La equilibrium phase diagram given in Fig. 1 (assuming the liquidus and solidus lines are straight), the GRF for a 2.1% La addition yields the GRF value of 6.07. Comparing the coordinate of grain size, d (490 mm for Mg-2.1La) and an inverse value of the GRF (0.16) with the grain refinement effect of additive elements expressed in the literature, 19) lanthanum comes close to the coordinate line of aluminum, which is listed as a mild grain refiner for magnesium. 20) While the macrostructure of the as-cast Mg-2.1La alloy exhibited a coarse equiaxed grain structure, the microstructure within these grains contained -Mg dendrites, delineated by eutectic regions as shown in Fig. 2(b) , (c). The eutectic region, observed by backscattered SEM, exhibits a clearly defined two-phase structure ( Fig. 3(a) ), comprised of Mg 12 La intermetallic (white) and -Mg (black) phases. This was confirmed by XRD analysis (Fig. 3(b) ). The identification of the XRD spectrum for Mg 12 La was based on the results reported by Gao et al. 21) and Sun et al. 22) The Mg 12 La phase appears to be interconnected within the eutectic structure and also tended to exist along the primary -Mg dendrites, exhibiting characteristics of a degenerated lamellar eutectic morphology. 
Mg-La-Zr alloys
Only a few tenths of percent of solute zirconium (0.3-0.5%) in magnesium produces exceptional grain refinement in casting. 16, 17, 20) Figure 4 shows the as-cast structure of Mg-2.6La with a 0.48% solute zirconium. It is composed of significantly finer grains in comparison with the Mg-2.1La alloy with no zirconium addition ( Fig. 2(a) ). The detailed grain refinement effect of zirconium on Mg-La alloys is shown in Fig. 5 together with the grain refined structure of magnesium without lanthanum (Mg-0.53Zr) for comparison. It was found that the combination of lanthanum and zirconium exerted a much greater grain refining effect in comparison with a solely zirconium addition. This is due to the morphological change that occurred in primary -Mg Transformation of dendrites to fine spherical Mg grains by zirconium addition was also reported for Mg-3.8Zn-2.2Ca alloy. 23) As illustrated in Fig. 6 , with a combination of lanthanum and zirconium, the primary -Mg grain size was 21 mm at 1.6%La, which is less than half the grain size of the Mg-0.53Zr. The solubility of lanthanum in magnesium is essentially zero at room temperature 13) and the maximum solubility of $0:8% occurs at the eutectic temperature (Fig. 1) . A much smaller solubility value (0.23%) at eutectic temperature was also reported. 24) Thus, during the initial stage of formation of the primary -Mg crystals, essentially most of the solute lanthanum will remain in the melt, causing a buildup of solute lanthanum at the growth front, which will result in development of the constitutional undercooling, thereby restricting the crystal growth. With this contributing factor of lanthanum and the greater growth restricting factor of zirconium 17) and in addition, with the presence of available potent nucleant particles such as undissolved zirconium particles present in the melt 16, 25) may lead to an increase in the number of crystal formation, resulting in much greater grain refinement effect. In fact, in micrographs in Fig. 5 the Mg-La-Zr alloys (1.6%La to 4.2%La) exhibited much smaller primary Mg-grain size as well as increased grain number than the Mg-0.53Zr (0%La). An increase in the area fraction of the eutectic region with lanthanum content will also have some contribution to the reduction in primary grain size. The combined grain refining effect of lanthanum and zirconium appears to be saturated at about 1.6%La (Fig. 6 ) and a small decrease in primary grain size observed beyond this point is most likely due to an increase in eutectic area.
The back scattered SEM image of the eutectic region of an as-cast Mg-2.6La-0.48Zr alloy is shown in Fig. 7 . Although, zirconium addition exerted a significant influence on the morphology of the primary Mg crystal, the eutectic structure essentially remained the same as in the Mg-La alloy ( Fig. 3(a) ), showing a degenerated lamellar eutectic morphology.
Zirconium-rich coring structures are commonly observed in the grain-refined microstructures of chill-cast zirconiumcontaining magnesium alloys. In addition, a small zirconium particle exists at the center of these cores. It was proposed that the grain refinement was caused by a peritectic reaction in which zirconium particles separating from liquid react with it at the peritectic temperature, leading to the formation of copious grains. 26) However, in the previous study by Tamura et al., 25) it was found that the undissolved zirconium particles in the melt have a significant role in the grain refinement of magnesium. This was subsequently supported by more recent studies of Qian et al. 27, 28) The majority of particles observed at the center of the cores were in the range of 1 to 5 mm in size and the most frequently observed active particles were $2 mm in size. 19, 29) In the present study, such small zirconium particles were also observed as indicated by arrows in Fig. 5 (Mg-1.6La-0.49Zr) and existed not only at the center but also at the edge of the grains.
Mechanical properties 3.2.1 Effect of lanthanum on hardness
The presence of a hard second phase in the microstructure will contribute to the hardness of materials. The hardness value of a magnesium-lanthanum intermetallic compound containing 33.2 mass%La (Mg 12 La) is about 185 Hv, 12) which is much harder than magnesium ($30 Hv). For this reason, the hardness increased with an increase in eutectic amount as shown in Fig. 8 . Regardless of the differences in microstructure between the Mg-2.1La (Fig. 2 ) and the alloys with a zirconium addition (Fig. 5) , all hardness values are in accord with the area fraction of the eutectic. The width of the primary -Mg dendrite arms in Fig. 2(c) and the size of the primary -Mg globular grains in Figs. 5(b) to (c) and 6 are approximately 20 mm. Considering that the diagonal of the indentation mark after hardness testing for the Mg-2.1La was approximately 450 mm, which sufficiently encompassed the primary -Mg phases and eutectic areas, the hardness value in Fig. 8 can be considered as a representative of the material hardness. (Table 1) .
Primary Mg
Primary Mg Eutectic 5μm Fig. 7 Back scattered SEM image of the eutectic region in the as-cast Mg-2.6La-0.48Zr alloy. Figure 9 shows representative tensile curves for cast Mg-2.1La, Mg-0.53Zr, and Mg-La-Zr alloys. As can be seen in stress-strain curves, strain hardening increased with lanthanum content, reflecting the increase in hardness. The results of the tensile test are listed in Table 2 and also illustrated in Fig. 10 . For Mg-La-Zr alloys, the 0.2% proof strength increased linearly with the area fraction of the eutectic from 58 MPa (0%La) to 181 MPa (4.2%La) and the tensile strength from 157 to 207 MPa, while the value of elongation progressively decreased owing to an increase in eutectic Mg 12 La compound in the structure. For the Mg-2.1La alloy with no zirconium addition, the values of 0.2% proof strength, UTS, and elongation were significantly lower (44%, 22%, and 79% lower, respectively) than those of Mg-La-Zr alloys having the corresponding value of area fraction of the eutectic (Fig. 10) . It clearly indicates that in addition to the inclusion of hard intermetallic compound (Mg 12 La), its distribution pertaining to the microstructure is also a significant contributing factor to the mechanical properties. In comparison with the distribution pattern of the Mg 12 La phase within the coarse dendritic structure, the Mg 12 La phase, formed among the fine globular primaryMg grains, is much more uniformly distributed within the Table 1 Fig. 9 Representative tensile curves for cast Mg-0.53Zr, Mg-2.1La, and Mg-La-Zr alloys: (a) plot of engineering stress-strain and (b) plot of true stress-strain up to the UTS point of engineering stress-strain curves. Table 2 . Each data point represents the average of 3 to 5 tests.
Tensile properties
structure. In addition, the fine-grained globular structure will provide more isotropic properties 30) than coarsely solidified dendritic structure. Also, the adverse effect of defects such as micro-porosities on tensile properties becomes less sensitive with finer grain sizes, 31) all contributing to improved mechanical properties.
An abrupt change was noticeable in the rise of the stressstrain curves immediately after the 0.2% proof point for the Mg-Zr and Mg-La-Zr alloys, while there is a gradual change for the Mg-2.1La alloy. The profile of the true stress-strain curves obtained from the engineering stress-strain curves may be represented by the following Hollomon's power-law relationship:
where, t is the true stress, " t is the true strain, K is the strength coefficient, and n is the strain-hardening exponent. From the plot of the log (true stress) versus log (true strain) shown in Fig. 11 , the values of n and K were obtained and listed in Table 3 . With increasing n, there is progressing decrease in the values of 0.2% proof stress and engineering strength (UTS). 28) As shown in Fig. 12 , both values for grain refined alloys with zirconium decreased in a linear manner, while the Mg-2.1La which solidified in the dendritic structure deviated from the lines, suggesting that there is difference in fracture behavior.
Fracture characteristics 3.3.1 Fracture of Mg-2.1La alloy
As listed in Table 2 and represented by the engineering stress-strain curve ( Fig. 9(a) ), the Mg-2.1La alloy fractured with a low tensile ductility of about 7% in the reduction of area and only about 5% in elongation. Figure 13 shows the longitudinal section at the fracture end of the Mg-2.1La tensile specimen. In the limited regions along the fracture surface, it exhibited fracture of the primary -Mg dendrite with noticeable plastic deformation (indicated by an arrow 1 in Fig. 13) , while in the other parts with indiscernible deformation (indicated by arrow 2). These differences are most likely due to the crystal orientation with respect to the tensile direction. Also, some areas exhibited fracture along the -Mg dendrites (indicated by arrow 3). Figure 14 shows more detailed aspects of fracture such as the crack propagation along and across the primary -Mg dendrites and through eutectic areas. The overall effect of these fractures resulted in low material ductility. SEM micrographs (Fig. 15) of the fracture surfaces reflect these features. Shown in Fig. 16, for comparison, is a micrograph, showing a fracture surface of the Mg-0.53Zr alloy. It exhibits numerous dimples, indicative of ductile fracture. 
Fracture of Mg-La-Zr alloys
Shown in Fig. 17 are longitudinal cross-sections at the fracture end of the tensile specimens. Comparing these with the as-cast structures (Fig. 5) , the 1.6La and 2.6La containing alloys with zirconium exhibited significant plastic deformation before fracture with elongated -Mg grains in the tensile direction, while the Mg-4.2La-0.45Zr showed indiscernible deformation, retaining much the same roundness of the primary grains as in the cast microstructure, reflecting the difference in ductility. Since the nature of the primary -Mg grains as measured by composition, grain size, and the degree of isotropy in crystal orientation in the structure can be considered as similar for the 1.6, 2.6, and 4.2La alloys with the zirconium addition, the mechanical properties of the primary -Mg grains must also be similar. However, the ductility of the Mg-4.2La-0.45Zr containing the primary grains and eutectic was greatly reduced (Fig. 9 and Table 2 ). This indicates that fracture of the Mg-4.2La-0.45Zr had proceeded from the eutectic regions before the plastic deformation of the primary -Mg grains had a chance to fully progress. Continuity in structure is terminated at the boundary between the -Mg phase and Mg 12 La eutectic phase, so the phase sliding and decohesion will readily occur in this location. In fact, the fracture predominantly skirted the primary grains (Fig. 17 for Mg-4.2La-0.45Zr), supporting the suggestion that the primary cause of fracture for the Mg- 4.2La-0.45Zr is due to decohesion at the boundaries. Backscattered SEM micrographs of the fracture end in Fig. 18 exhibit evidence of decohesion between the -Mg grains and the eutectic. SEM micrographs (Fig. 19) showing fracture surfaces caused by decohesion differ significantly from those in Figs. 15 and 16 that are predominantly trans-granular fracture of -Mg grains. However, decohesion of the Mg 12 La phase from the -Mg phase could be the common underlying factor responsible for the fracture of both the Mg-La and MgLa-Zr alloys. As shown previously, the fracture surfaces of the Mg-2.1La (Figs. 14 and 15) also contained evidence of crack propagation along the primary -Mg dendrites involving decohesion in addition to the fracture across the dendrites. The fracture surface of the Mg-2.6La-0.48Zr shown in Fig. 20 exhibited similar fracture elements. However, this alloy and the alloy containing 1.6La+Zr ((b) and (c) in Fig. 10 ), which have a comparable lanthanum content to the binary Mg-2.1La, exhibited significantly higher ductility than the Mg-2.1La ((e) in Fig. 10 ). This is due to the fact that a grain-refined structure with zirconium will have more grains favorable to deformation in relation to tensile direction than the coarse dendrite structures in the cast Mg-2.1La.
Differentiating eq. (1) with respect to " t ,
From eq. (1), t "
can be obtained, 32) where d t =d" t is the strain hardening rate. Using the strain hardening exponent n 2 given in Table 3 , the strain hardening rate d t =d" t for alloys (a) to (e) was calculated and shown with respect to true stress and true strain in Figs. 21 and 22 . The strain hardening rates for grain-refined alloys (a) to (d) decreased quickly immediately after the 0.2% proof stress point as indicated by arrows in Fig. 21 , suggesting that the plastic strain was easily accommodated by phase sliding and twin deformation of -Mg grains, whereas the strain hardening rate for the Mg-2.1La with coarse dendrites dropped gradually, suggesting there was more resistance in accommodating strain and as shown in Fig. 22 the strain hardening rate remained the highest among the alloys.
Summary
An experimental study was conducted in order to investigate the effects of lanthanum and zirconium on cast (2) Owing to the coarse dendrite structure of the cast Mg-2.1La alloy, it exhibited low ductility with cracks propagating along and across the dendrites. True strain, εt Strain hardening rate, MPa Effects of Lanthanum and Zirconium on Cast Structure and Room Temperature Mechanical Properties of Mg-La-Zr Alloys
